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Water treatmentAbstract Titanium dioxide was synthesized by the sol–gel method and platinum supported on tita-
nium dioxide were prepared by a wet impregnation chemical process at different platinum contents.
The prepared samples were dried over night at 110 C and then calcined at 500 C for 4 h.
Structural and morphological characterization has been carried out by means of X-ray diffraction
(XRD), differential scanning calorimetry–thermogravimetric analysis (DSC–TGA), Raman spec-
troscopy, Fourier-transform infrared spectroscopy (FT-IR), Brunauer–Emmett–Teller surface area
measurement (BET) and transmission electron microscopy coupled to the energy dispersive spec-
troscopy (TEM/EDX). The adsorption performance and photocatalytic activity of the samples were
investigated using two chlorophenoxy herbicides: 2,4-dichlorophenoxyacetic acid (2,4-D) and
2-(2,4-dichlorophenoxy) propionic acid (2,4-DP) as models of organic pollutants in water. The
obtained results show that Pt/TiO2 exhibited higher photocatalytic activity than TiO2 particles
Table 1 Physicochemical propertie
Herbicides
2,4-Dichlorophenoxyacetic acid (2,4-D
2-(2,4-Dichlorophenoxy) propionic aci
486 M. Abdennouri et al.for the degradation of the two selected herbicides. The photocatalytic activity increases by increas-
ing the platinum yield in the catalyst.
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Titanium dioxide is a versatile material, which has been used in
many applications such as photocatalytic degradation of
organic compounds in water [1–3]. Several methods were
adopted for the synthesis of titanium dioxide. The most con-
ventional is sol–gel method from titanium alkoxides which
depends entirely on precursors of departure [4–6]. Noble metal
particles dispersed on TiO2 surface have been investigated
greatly for enhancing photocatalytic activities [7–11]. It has
been reported that depositing some noble metals such as plat-
inum and gold [12,13] on titania could inhibit the recombina-
tion of electron–hole pairs signiﬁcantly and also result in the
extension of their wavelength response toward the visible
region. For the reasons given above the platinum loaded tita-
nium dioxide which were prepared by a wet impregnation
method have recently received considerable attention as
promising candidates for many applications.
At present, several efforts have been made to convert the
TiO2 adsorption from the ultraviolet to the visible region by
modiﬁcation [14,15] or by doping with several transition met-
als, including, cerium [16], tungsten [17,18], molybdenum
[19–22], gold [23], nickel [24–26] and platinum [27] ions.
Other works have been directed toward modifying titanium
dioxide and testing other semiconductors to identify ways to
increase process efﬁciency and to improve the overlap of the
absorption spectrum of the photocatalyst with the solar spec-
trum [28–32].
In the present work, we prepared a series of different plat-
inum modiﬁed TiO2 samples. The obtained photocatalysts
were characterized by means of X-ray diffraction (XRD), dif-
ferential scanning calorimetry–thermogravimetric analysis
(DSC–TGA), Raman spectroscopy, Fourier-transform infra-
red spectroscopy (FT-IR), Brunauer–Emmett–Teller adsorp-
tion analysis (BET) and transmission electron microscopy
(TEM) coupled to the energy dispersive spectroscopy (EDX).
The samples were evaluated for the degradation of 2,4-Ds of 2,4-D and of 2,4-DP herbic
Chemical
)
d (2,4-DP)and 2,4-DP herbicides under UV irradiation. The increasing
effects of photocatalytic activity were discussed.
2. Experimental methods
2.1. Materials
All of the reagents used in this work were of analytical
grade and were used without any further puriﬁcation: titanium
tetraisopropoxide (Ti(OC3H7)4, Fluka company, 98% purity)
absolute ethanol (C2H6O, Prolalo, 99.85%), methanol
(Prolalo, 97%), diethyl ether (C4H10O3, Loba Chemie society),
diamminedinitritoplatinum (II) solution (Pt(NO2)2(NH3)2,
Sigma–Aldrich), 2,4-dichlorophenoxyacetic acid (2,4-D)
(C8H6Cl2O3, Fluka company, 95% purity) and 2,4-
dichlorophenoxypropionic acid (2,4-DP) (C9H8Cl2O3,
Sigma–Aldrich Chemical Company, 95% purity).
Characteristics and molecular structures of 2,4-D and 2,4-DP
were displayed in Table 1. The solutions were prepared by
using pure distilled water obtained from a Millipore Milli-Q
laboratory system.
2.2. Preparation of photocatalysts x%-Pt/TiO2
The TiO2 used in this study as prepared by the sol–gel method
by dissolving Ti(OC3H7)4 in methanol/ethanol solution with
molar ratio 1:1:10 respectively. The obtained solution was
maintained at 75 C for 3 h and the appropriate amount of
water was added drop wise into the hot solution. After gelling,
the sample was separated by ﬁltration. The obtained solid was
dried at 110 C during a night in the steam room then calcined
in 500 C for 4 h. x%-Pt/TiO2 samples were prepared by a
standard wet impregnation method. To impregnate Pt, the
appropriate quantity of diamminedinitrito platinum solution
was added on the dried TiO2 support. The obtained mixtures
were then dried and calcined as described above. The amount
of platinum loading was varied from 0.5 to 3 weight%.ides.
formula MW (g/mol) kmax (nm)
221.04 283
235.06 284
Figure 1 X-ray diffraction patterns of TiO2 and x%-Pt/TiO2
samples.
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Crystalline phases present in the photocatalysts were deter-
mined by X-ray diffraction method. The pattern was
scanned from 2h of 20–80 at a scan rate of 2/min using
a diffractometer X’Pert High Score type with Cu Ka radia-
tion. The accelerating voltage and the applied current were
40 kV and 35 mA, respectively. The thermal analyses are
made with the device SESTYS 24. It allows realizing simul-
taneously differential thermal analysis (ATD) and thermo-
gravimetric analysis (ATG) behavior of the as-prepared
samples under air atmosphere in the temperature range
25–800 C and with heating rate of 5 C/min. Raman spectra
were recorded at room temperature using a Raman micro-
probe (inﬁnity from Jobin–Yvon) in the range of 700–
200 cm1 with a spectral resolution of 2 cm1. The exciting
laser source was the 532.16 nm line with a laser power of
600 mW of a diode pumped Nd-YAG laser (899.92 cm1)
and a super InGaAs as detector. FT-IR absorption spectra
were measured by Nicolet MX 710 spectrophotometer in
the region of 4000–400 cm1. Speciﬁc surface area measure-
ments were carried out by N2 adsorption at 196 C using a
Micromeritics Instrument TriStar II 3020. The structure of
TiO2 and platinum loaded titanium dioxide catalysts was
observed using transmission electron microscopy (TEM)
with a JEM-2010F microscope (JEOL) at an acceleration
voltage of 200 kV. Elemental analysis of the catalyst was
performed using an energy dispersive X-ray spectrometer
(EDS: Noran) attached to the JEM-2010F.
2.4. Photocatalytic experiments
Photocatalytic experiments were performed in a cylindrical
quartz glass batch reactor with 10 cm in diameter and
20 cm in height as descried in our previous work [33].
Irradiation was performed with a medium pressure
mercury-lamp (400 W), placed in axial position inside a
cooling water jacket system. The wavelength of maximum
of the light source of the lamp is 365 nm. Constant agitation
was assured by means of a magnetic stirrer placed at the
reactor base. The reactor was initially loaded with 800 ml
of 2,4-D or 2,4-DP aqueous solution at 20 mg/L and
120 mg of the photocatalyst. The mixture was maintained
in the dark for 30 min under stirring to reach adsorption
equilibrium, and was then irradiated. Samples taken at dif-
ferent time intervals were centrifuged at 3000 tr/min for
10 min. The residual concentration was determined from
UV–Vis absorption characteristic with the calibration curve
method at the wavelength of maximum absorption of 283
and 284 nm, respectively, for 2,4-D and 2,4-DP. A GBC
UV/Vis 911 spectrophotometer was used.3. Results and discussion
3.1. Characterization of photocatalysts
Catalyst characterization was carried out to identify the corre-
lation between the catalysts structures and their photocatalytic
activity. Different characterization techniques used in this
work are described below.3.1.1. X-ray diffraction (XRD)
Fig. 1 shows the X-ray diffraction pattern of the samples. The
XRD of prepared TiO2 reveals diffraction peaks characteristic
corresponding to (101), (004), (200), (105), (211), (104),
(216) and (215) reticular plane of anatase phase. A weak peak
at 2h= 31.6 was attributed to the (103) reticular plane of
rutile phase. The ﬁneness peaks indicated that the nanosized
materials were well crystallized. The X-ray diffraction patterns
of x%-Pt/TiO2 samples are well crystallized. Their indexation
shows that their peaks similar are to those identiﬁed on as-
synthesized TiO2. On the one hand, the addition of the plat-
inum within the limits of detection of the device and the per-
centage loaded amount of platinum nanoparticles on the
TiO2 powder, showed the absence of change of the structure
of departure. On the other hand, no new phase was detected.
The absence of additional diffractions in x%-Pt/TiO2 samples
indicated that platinum was highly dispersed throughout the
surface of TiO2, as was previously reported by Kim et al.
[34] and by Sakthivel et al. [35,7].
3.1.2. DSC–TGA analysis
Fig. 2 shows the TGA–DSC patterns of the samples. As shown
in the ﬁgure, TGA analysis of pure titania shows a total weight
loss of 13.80%. The loss of mass observed around 200 C is
due to the removal of loosely bound water of the sample.
The decomposition step between 220 and 400 C is due to
Figure 2 TGA–DSC analysis of the samples.
488 M. Abdennouri et al.the dehydroxylation of the sample. Beyond 400 C the loss of
mass becomes low. The result of the DSC analysis is comple-
mentary to the results of the TGA which shows that the wide
exothermic band centered on 200 C attributed to the dehy-
droxylation of the samples.
TGA analysis of the x%-Pt/TiO2 samples shows a total
mass loss between 11.07 and 13.44%. A mass loss of 5%
appears in the range of 100–200 C, which corresponds to
the removal of the adsorbed water and which may include
the evaporation of excess ethanol and methanol. The decom-
position step between 200 and 420 C is due to the decomposi-
tion of nitrate ions and dehydroxylation of the samples. In the
same way, the DSC pattern shows a small large band centered
around 300 C, which is attributed to the decomposition of
nitrates species and an extremely small exothermal peak, cen-
tered around 740 C, indicating the slow anatase to rutile
transformation in these prepared samples.
3.1.3. Raman spectra
The Raman spectra of TiO2 and platinum loaded TiO2 cat-
alysts are illustrated in Fig. 3. The ﬁgure shows the Raman
spectra of prepared TiO2 reveals peaks at 488, 408 and
325 cm1 attributed to the anatase phase of titanium dioxidewhile no absorption peaks attributed to the rutile phase
were observed. The Raman patterns of platinum doped
TiO2 samples almost coincide with those of pure TiO2 and
show no absorption peaks due to platinum species. But,
the observed difference was the intensive decrease of the
peaks at 488 and 325 cm1 as the amount of platinum load-
ing on the photocatalyst support increased. This can be
explained by the interaction between titanium and platinum
in substitution sites. The results obtained from the Raman
analysis were in perfect correlation with those found by
the X-ray diffraction.
3.1.4. FT-IR analysis
Fig. 4 shows FT-IR spectra of synthesized TiO2 and plat-
inum loading titanium dioxide samples recorded at room
temperature in a spectral domain were between 4000 and
400 cm1. Anatase phase of titania exhibits strong absorp-
tion bands at 640 cm1, this peak is for O–Ti–O bonding
vibration. No rutile phase peak is detected in this experi-
ment, because the instrument employed is weak. The pres-
ence of these bands due to TiO2 anatase phase is noted
for both samples limited. Generally, the bands situated at
3401 cm1 and at 1632 cm1, are attributed to the stretching
Table 2 BET surface area of TiO2 and x%-Pt/TiO2 samples.
Catalysts samples BET surface area (m2/g)
TiO2 67.66
0.5%-Pt/TiO2 79.81
0.75%-Pt/TiO2 86.65
2.5%-Pt/TiO2 97.21
3%-Pt/TiO2 108.24
Figure 3 Raman spectra of calcined samples at 500 C.
Figure 4 FT-IR spectra of the samples calcined at 500 C.
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respectively [36,37]. The bands situated in the region 800–
400 cm1 are assigned to the stretching vibration modes
characteristic of Ti–OH and Ti–O–Ti bonds [38–40]. The
vibration band at 640 cm1 is generally attributed to the
deformation mode of the M–OH bond (M=metal). In
the samples Pt/TiO2, no characteristic bands due to the crys-
talline PtO2 were observed which indicates clearly that the
platinum oxide is highly dispersed on the pure titania or
these metal sites are expected to be below the visibility limit
of FT-IR analysis.3.1.5. Speciﬁc surface area determination
The values of the speciﬁc surface area samples calculated from
the classic formula of Brunauer–Emmet–Teller are summa-
rized in Table 2. The BET speciﬁc surface area of TiO2 is esti-
mated to be 67.66 m2/g. After impregnation with platinum, a
signiﬁcant increase was noticed in the speciﬁc surface area of
the samples Pt/TiO2. As the platinum load increases, the sur-
face areas increases.
3.1.6. TEM morphology
TEM and EDX were used to study the morphologies and ele-
mental distribution of the samples. Fig. 5 illustrates TEM
micrographs and EDX patterns of TiO2, 0.5%-Pt/TiO2 and
3%-Pt/TiO2. The ﬁgure clearly showed that all the samples
were nanometric in crystalline size. The particles exhibit an
irregular distribution. The morphology of platinum loaded
on TiO2 powders is almost the same because the doping
amount is small. The platinum possesses a covalent radius of
1.30 A˚ and ray to states Pt2+ and Pt4+ respectively of the
order of 0.80 A˚ and 0.65 A˚. The titanium in the state Ti4+ pos-
sesses an ionic radius of the order of 0.68 A˚. Consequently, the
ion Pt4+ can be easily inserted inside the titanium dioxide
structure. In particular, the insertion of the ions Pt4+ is made
without distortion of the photocatalyst structure. The elemen-
tal analysis shown in energy dispersive X-ray spectra of TiO2
reveals the presence of Ti and O peaks without any other
impurity. EDX patterns of 0.5%-Pt/TiO2 and 3%-Pt/TiO2
show Pt peaks along with Ti and O which conﬁrms the doping
of Pt in TiO2.
3.2. Photocatalytic activity
3.2.1. Photolytic degradation
The photocatalytic performance of each prepared samples was
tested for the degradation of 2,4-D and 2,4-DP photo reaction
in an aqueous solution. In the same operating conditions for
the photocatalytic degradation, the photolytic degradation
was studied using 800 ml of 2,4-D or 2,4-DP at 20 mg/L.
The solution was irradiated without photocatalysts. The
results are illustrated in Figs. 6 and 7. Kinetics of pesticides
photolytic degradation shows that, after 90 min of irradiation,
a very low diminution of the concentration was observed.
According to this result, we can neglect the interference
of the photolytic degradation with the photocatalytic
degradation.
3.2.2. Photocatalytic behavior
To test the photodegradability of 2,4-D and 2,4-DP on the pre-
pared photocatalysts under ultraviolet–visible light irradiation,
a series of experiments were performed according to the similar
procedure described above. From Figs. 6 and 7, it can be seen
Figure 5 TEM micrographs and EDX patterns of TiO2, 0.5%-Pt/TiO2 and 3%-Pt/TiO2.
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2,4-D and 2,4-DP. The illumination of TiO2 by UV light
(k 6 390 nm), changes the energy state of electrons from the
valence band to the conduction band to give electron–hole
pairs. The holes at the TiO2 valence band can oxidize wateror hydroxide to produce hydroxyl radicals. The hydroxyl rad-
ical is a powerful oxidizing agent and attacks organic com-
pounds and intermediates (Int) are formed. These
intermediates react with hydroxyl radicals to produce ﬁnal
products (CO2, H2O and mineral salts):
Figure 7 Variation of 2,4-DP concentration versus irradiation
time without and with the photocatalysts.
Figure 6 Variation of 2,4-D concentration versus irradiation
time without and with the photocatalysts.
Photocatalytic degradation of 2,4-D and 2,4-DP herbicides on Pt/TiO2 nanoparticles 491TiO2 þ ht!e þ hþ ð1Þ
hþ þH2Oads!OHads þHþ ð2Þ
hþ þOHads!OHads ð3Þ
OHads þ ð2; 4D or 2; 4DPÞads!Int ð4Þ
OHads þ Int!CO2 þH2OþHCl ð5Þ
The photocatalytic activities of platinum loaded on tita-
nium oxide samples were higher than that of titanium dioxide
support photocatalyst. A possible explanation is that the cat-
alytic activity order is mainly attributed to the bad gap energy
reduction, long-term life of electron (e)/hole (h+) during cat-
alyst semiconductor illumination under ultra violet light. The
band gap of PtO2 is 2.5 eV, which corresponds to absorption
out to approximately 500 nm, in the visible region.
Moreover, because of the absolute positions of the bands, con-
duction bond electrons from TiO2 can migrate to PtO2, while
the complementary migration can occur for valence band
holes. A similar observation has also been reported by
Hathway et al. [41]. However, this observation showed that
the highest catalytic activity is due in a large part to theextended near-visible absorption of the anatase phase, fol-
lowed by a rapid electron transfer between the phases, leading
to enhanced charge separation and reduced energy wastage by
electron–hole recombination.
It can be seen from the ﬁgures that in the presence of x%-
Pt/TiO2 samples, the degradation rate increased with the
increase of platinum loading. The experimental results
indicated that high mass ratio of platinum shows the highest
catalytic activity among all the compositions investigated.
The order of catalytic activity for 2,4-D and 2,4-DP
was 3%-Pt/TiO2 > 2.5%-Pt/TiO2 > 1.5%-Pt/TiO2 > 0.75%-
Pt/TiO2 > 0.5%-Pt/TiO2 > TiO2.
The relation between amount of Pt in the catalyst and
the photocatalytic degradation rate can be explained by
the fact that Pt acts as an electron trap. The electrons gen-
erated on the TiO2 surface by UV light illumination quickly
move to Pt particle to facilitate the effective separation of
the photogenerated electron and holes, resulting in the sig-
niﬁcant enhancement of photocatalytic activity [42]. Pt plays
a positive role as electron acceptor, more acceptor centers
are provided with increasing Pt-doping, therefore the degra-
dation rate for 2,4-D and 2,4-DP increases with the increase
of Pt content.
4. Conclusions
Titanium dioxide and platinum loaded on titanium dioxide
were successfully synthesized by the sol–gel process. X-ray
powder diffraction, differential scanning calorimetry–thermo-
gravimetric analysis (DSC–TGA), Raman spectroscopy, FT-
IR spectroscopy, Nitrogen adsorption–desorption and trans-
mission electron microscopy conﬁrmed the formation of good
quality crystalline nanomaterials. The photocatalytic activity
remained high at 3%-Pt/TiO2. For each prepared Pt/TiO2,
anatase was still the major phase. The x%-Pt/TiO2 catalysts
calcined at 500 C also retain the TiO2-anatase phase of the
support and the impregnated metallic oxide being in a highly
dispersed state. A perfect match was found between the
platinum amounts loading in the catalyst and the efﬁciency
photocatalytic degradation reaction of 2,4-D and 2,4-DP.
Finally, we conclude that all the doped prepared samples
exhibited better catalytic performance than the unmodiﬁed
TiO2 sample, for the two selected herbicides used in this study.
This enhanced photocatalytic activity can be attributed to the
crystallinity, nanosize, large amount of surface hydroxyl spe-
cies, reduced band-gap and retard the fast charge pair
recombination.
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